We report on the electron transport in zinc blende InN simulated by the ensemble Monte Carlo method. To obtain the relevant band structure parameters, ab initio calculations have been carried out. Then, Monte Carlo transport simulations at room temperature and over a wide range of carrier concentrations have been performed. We obtain a steady-state peak drift velocity around 3.3ϫ 10 7 cm/ s at an electric field of 55 kV/cm. For low-doped material, a room-temperature low-field mobility of about 6000 cm 2 / V s is calculated. Compared to WZ InN, much less is known on the properties of the zinc blende ͑ZB͒ phase of InN. However, ZB InN layers have been grown 8, 9 and the electronic structure of this material has been calculated. 4, [10] [11] [12] Unfortunately, so far no results on the carrier transport in this InN phase have been reported. This lack has motivated us to recalculate the band structure of ZB InN and to perform low-and high-field transport simulations using the ensemble MC method. For the band structure calculations, the VASP code ͑Vienna ab initio simulation package͒ has been used. 13 The electronic wave functions have been expanded in plane waves up to a kinetic energy of 400 eV and the projector augmented plane wave method has been used to model the electron-ion interactions. 14 Exchange and correlation are accounted for by the spatially nonlocal hybrid HSE03 potential 15 and the effects of spin-orbit coupling have been included, while, to allow for the necessary k-point sampling, no quasiparticle effects beyond those already anticipated by the XC functional have been included in the calculations. Next, the calculated band structure has been approximated by a nonparabolic three-valley model with the conduction band minima located at ⌫, X, and K points in the Brillouin zone. The valleys have been approximated by
During the past few years, InN has attracted considerable attention. Recent progress in InN epitaxial growth has led to monocrystalline wurtzite ͑WZ͒ InN with improved quality and high mobilities. In particular, the free electron concentration in InN layers grown by molecular beam epitaxy has been reduced to ϳ10 17 cm −3 and electron low-field mobilities up to 3500 cm 2 / V s have been measured. 1 Both experimentally and theoretically, a band gap around 0.7 eV has been established, [2] [3] [4] and by Monte Carlo ͑MC͒ transport simulations electron peak velocities around 5 ϫ 10 7 cm/ s ͑Refs. 5 and 6͒ and low-field electron mobilities up to 14 000 cm 2 / V s ͑Ref. 6͒ have been predicted for highquality low-doped material. Recently, the first experimental field-effect transistor with a WZ InN channel has been reported. 7 Compared to WZ InN, much less is known on the properties of the zinc blende ͑ZB͒ phase of InN. However, ZB InN layers have been grown 8, 9 and the electronic structure of this material has been calculated. 4, [10] [11] [12] Unfortunately, so far no results on the carrier transport in this InN phase have been reported. This lack has motivated us to recalculate the band structure of ZB InN and to perform low-and high-field transport simulations using the ensemble MC method. For the band structure calculations, the VASP code ͑Vienna ab initio simulation package͒ has been used. 13 The electronic wave functions have been expanded in plane waves up to a kinetic energy of 400 eV and the projector augmented plane wave method has been used to model the electron-ion interactions. 14 Exchange and correlation are accounted for by the spatially nonlocal hybrid HSE03 potential 15 and the effects of spin-orbit coupling have been included, while, to allow for the necessary k-point sampling, no quasiparticle effects beyond those already anticipated by the XC functional have been included in the calculations. Next, the calculated band structure has been approximated by a nonparabolic three-valley model with the conduction band minima located at ⌫, X, and K points in the Brillouin zone. The valleys have been approximated by
where ប is the reduced Planck constant, k is the wave vector, and is the electron energy relative to the bottom of the valleys. The electron effective mass m ‫ء‬ and the nonparabolicity factor ␣ have been obtained by fitting the calculated bands and are given in Table I [10] [11] [12] Remarkable for ZB InN are the large ⌫-X intervalley separation of 3.2 eV and the large nonparabolicity of the ⌫ valley ͑␣ = 4.45 eV −1 ͒. For the transport simulation, we have used our in-house ensemble MC code already applied to the carrier transport simulation in WZ InN and WZ GaN. 6, 18, 19 All relevant scatterings with optical phonons ͑intervalley nonpolar and intravalley polar͒ as well as with acoustic phonons ͑via deformation potential and piezoelectric interaction͒ have been included into the simulations. Due to the uncertainty in the values, the material parameters of the ZB InN are taken identical to those of WZ InN ͑see Ref. 6͒, and the average piezoelectric coupling constant K av 2 = 0.039 equal to that of GaN ͑Ref. 20͒ is used. To account for scattering with ionized impurities, the Conwell-Weisskopf 21 approach is adopted. We a͒ Electronic mail: polyakov@e-technik.tu-ilmenau.de. have considered the ZB InN to be uncompensated and all donors to be ionized at room temperature.
The scattering rate for a particular scattering potential U int is obtained using the Fermi golden rule through the integration of the squared matrix element over all possible final states kЈ after scattering and is given by
͑2͒
where ␦͓͑kЈ͒ − ͑k͔͒ is the energy-conserving delta function ͑in this particular case, it is written for elastic scattering͒. The matrix element can be expressed as
where the quantity S͑kЈ − k͒ and the overlap integral G kk Ј are calculated using the plane-wave parts and cell-periodic parts of the Bloch functions at kЈ and k, respectively. For the energy dispersion ͑k͒ given by the Kane model ͑1͒, the overlap integral can be well approximated by
͑4͒
where
, and is the angle between kЈ and k. Frequently in MC simulations, G kk Ј = 1 is assumed and the nonparabolicity is accounted for only through the factor ͓␥͔͑͒ 1/2 ͑1+2␣͒ arising from the integration of Eq. ͑2͒ due to the energy-conserving delta function. However, for strongly nonparabolic semiconductors the overlap integral can be remarkably less than unity. This factor will introduce an anisotropy in all scattering rates by suppressing the scattering with large angles . In the present work, the nonparabolicity effect of the overlap integral G kk Ј is taken into account as well.
The low-field mobility 0 has been calculated via 0 = v d / E taken in the linear region of the simulated v d ͑E͒ curves, where v d is the electron drift velocity and E is the electric field. Figure 1 shows the steady-state electron drift velocity in ZB InN calculated as a function of the applied electric field. For comparison, the results for WZ InN are also shown. Interestingly, the peak velocity is about 60% higher in WZ InN ͑5.3ϫ 10 7 versus 3.3ϫ 10 7 cm/ s͒ and reaches at a smaller field. Another major difference between the two InN phases is the fact that intervalley transfer in WZ InN starts at a field around 50 kV/cm ͑which is already much higher compared to other III-V materials such as GaAs͒ while in ZB InN up to 350 kV/cm all electrons reside in the ⌫ valley. The reason is the large separation between the ⌫ and X valleys of 3.2 eV. It should be noted that this intervalley separation is well correlated with other band structure calculations. 12 Since the peak velocity in ZB InN is attained at ϳ55 kV/cm, the negative differential mobility between 55 and 350 kV/cm is not caused by intervalley transfer but rather by the strong nonparabolicity of the ⌫ valley.
Next, we compare the steady-state velocity-field characteristics of the two InN phases to those of other more conventional semiconductors. As illustrated in Fig. 2 , the peak velocity of ZB InN is larger than that of GaAs and In 0.53 Ga 0.47 As and comparable to that of GaN. In Fig. 3 the calculated low-field mobility 0 for ZB InN is presented as a function of doping concentration. Again, for comparison we include the low-field mobility calculated for WZ InN. The maximum electron mobility at low doping levels is about 6000 cm 2 / V s for ZB InN compared to 12 000 cm 2 / V s for WZ InN. One reason for the lower mobility in ZB InN is the slightly heavier effective mass ͑0.054m 0 compared to 0.04m 0 ͒. Moreover, the significantly larger ⌫ valley nonparabolicity of the ZB phase also contributes to lowering the mobility. Note that by assuming the overlap integral G kk Ј = 1 the mobility substantially reduces for both InN phases ͑see Fig. 3͒ nounced in percentage for WZ InN due to its weaker nonparabolicity. It should be also noted that the mobility for lowdoped WZ InN is smaller than that reported in our previous work 6 where the piezoelectric scattering has been neglected and the overlap integral G kk Ј = 1 has been assumed. The inclusion of the piezoelectric scattering results in the mobility reduction. In contrast, the nonparabolicity effect of the overlap factor G kk Ј leads to the mobility enhancement that at least partially compensates the mobility decrease due to the piezoelectric scattering. Compared to GaAs and In 0.53 Ga 0.47 As showing mobilities ͑for low-doped material͒ of 8500 cm 2 / V s and in excess of 12 000 cm 2 / V s, the mobility in ZB InN is indeed lower, while it remarkably exceeds the mobility of GaN. We note that the study on electron transport in ZB and WZ GaN reported in Ref. 23 has revealed a higher mobility, a slightly larger peak velocity, and a lower peak electric field for ZB GaN compared to the WZ phase. This is different compared to our results for the two InN phases.
In summary, the band structure of ZB InN has been calculated by the ab initio method and the electron transport in this InN phase has been simulated by the ensemble MC method. The onset of negative differential mobility at ϳ55 kV/cm is associated with the strong nonparabolicity of the central ⌫ valley and not, as common for the conventional III-V semiconductors, with the intervalley transfer. For lowdoped dislocation-free material a maximum low-field electron mobility of 6000 cm 2 / V s has been predicted. This is higher than the mobility in WZ GaN but much lower compared to WZ InN, GaAs, and In 0.53 Ga 0.47 As. Due to the insufficient accuracy of material parameters of the two InN phases it would be unfair to state that ZB InN behaves much worse compared to WZ InN in terms of electron transport. We can state, however, that seemingly ZB InN does have an edge over WZ InN regarding transport as had been expected previously. 24 
